Introduction {#Sec1}
============

Apoptosis is the best known mode of programmed cell death that is crucial for tissue development and homeostasis^[@CR1]^. One of the hallmarks of apoptosis is the breakdown of the cell nucleus^[@CR2]^. This multi-step process comprises chromatin condensation, DNA fragmentation and nuclear envelope collapse. Caspases, a family of cysteine-dependent proteases, play important role in these events both through the proteolysis-mediated activation of other apoptotic proteins and directly by the cleavage of nuclear proteins^[@CR3]--[@CR6]^. Given that the nucleus is the source of potentially immunogenic proteins and nucleic acids, the latter of which could have viral origin or oncogenic properties, its fast demolition and removal represent extremely important steps in the course of apoptotic cells death^[@CR7]--[@CR9]^. The main role in the breakdown of the nucleus and other cellular compartments during apoptosis belongs to effector caspase-3, while the role of other caspases in the process remains unclear^[@CR10],[@CR11]^. Importantly, while caspase substrates were reported to be evenly distributed throughout the cell^[@CR12]^, few nuclear substrates of initiator caspases have been recognized^[@CR13]--[@CR15]^.

Caspase-3, as well as other caspases with the exception of caspase-2, do not possess a nuclear localization signal (NLS) required for protein nuclear import by importins (karyopherins)^[@CR16]^. Accordingly, a number of different mechanisms have been suggested to underlie the nuclear accumulation of caspase-3 during apoptosis, including passive diffusion^[@CR17]^ and active transport^[@CR18]--[@CR20]^. As mentioned above, only caspase-2 was shown to harbor a NLS among all caspases^[@CR21]--[@CR24]^. At the same time, although some reports suggested nuclear localization of caspase-8 and -9^[@CR13],[@CR14],[@CR25]^, caspase-2 is the only initiator caspase for which nuclear localization has been described as a way of regulating its functions^[@CR26],[@CR27]^. However, the data on caspase-2 cellular distribution and its activation site remain controversial^[@CR28]--[@CR32]^, although the recent findings have significantly improved our current understanding^[@CR27],[@CR33]^. In most of the previous studies on caspase-2 localization, the authors used ectopical expression of caspase-2 linked to a fluorescent protein, e.g. GFP, which is reported to translocate to the nucleus on its own^[@CR34]^. Additionally, often the assessment of caspase-2 localization was conducted only at the late stages of apoptosis, i.e. after 24 hr of treatment with an apoptosis-inducing agent without regard to time-dependent alterations in the nuclear structure during apoptosis^[@CR3],[@CR6]^.

In the present study, we aimed to assess cellular compartmentalization of caspases in the course of DNA damage-induced apoptosis taking into account time-dependent alterations in the nuclear structure during this type of cell death. For this, we set up a rapid subcellular fractionation method allowing efficient separation of cytoplasmic and nuclear components. Using this method, as well as immunofluorescence microscopy, we assessed the changes in the cellular distribution of initiator caspase-2, -8, -9 and effector caspase-3 during apoptosis.

Results {#Sec2}
=======

Lysis with NP-40 was selected for the separation of cytoplasmic and nuclear components {#Sec3}
--------------------------------------------------------------------------------------

To investigate the changes in caspase localization during apoptosis considering time-dependent alterations in the nuclear structures, we compared several fractionation approaches and set up a protocol for the fractionation of HeLa and Caov-4 cells. The purity of the fractions was assessed in parallel by two approaches: Western blotting (WB) and DIC/fluorescence microscopy using the staining with Hoechst33342 and ER-tracker Green. For WB analysis, lamin B and PARP1 (poly(ADP-ribose) polymerase 1) were used as nuclear markers, GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and vinculin as cytosolic markers, Na^+^/K^+^ ATPase as a plasma membrane marker, ERp29 (Endoplasmic reticulum protein 29) as an ER marker, and cyt *c* (cytochrome *c*) as a mitochondrial marker.

Dounce homogenization alone showed low efficiency of the extraction of cytoplasmic components (Fig. [1a](#Fig1){ref-type="fig"}, lane 1) and did not allow to isolate pure nuclear fraction. In particular, cytosolic and ER markers - GAPDH, ERp29 and cyt *c* were detected in this fraction using WB analysis (Fig. [1a](#Fig1){ref-type="fig"}, lane 4). This precluded further application of this approach. In contrast to Dounce homogenization alone, the application of non-ionic detergent NP-40 in the concentration range from 0.1 to 0.5% with and without Dounce homogenization allowed to obtain pure cytoplasmic and nuclear fractions (Fig. [1a and b](#Fig1){ref-type="fig"}). Lysis of cells with another non-ionic detergent, digitonin, which was also previously used for the isolation of nuclei^[@CR35],[@CR36]^, allowed to separate the nuclei from the cytosol, but not from the plasma membrane, ER or mitochondrial components (Fig. [1b](#Fig1){ref-type="fig"}). The addition of sucrose centrifugation step did not increase fraction purity but lowered the yield of nuclear components (Fig. [1a](#Fig1){ref-type="fig"}, lanes 3, 7). Thus, the lysis with NP-40 alone provided the most rapid and efficient separation of pure cytoplasmic and nuclear components. To ensure the purity of the isolated nuclei using 0.3% NP-40, the imaging amalysis with Hoechst33342 and ER-tracker Green has been undertaken. The subsequent analysis with dual DIC and fluorescence microscopy showed the absence of ER-tracker Green-stained components in the nuclei isolated using NP-40, but not in the case of using digitonin (Fig. [1c and d](#Fig1){ref-type="fig"}).Figure 1Subcellular fractionation of HeLa and Caov-4 cells. (**a**) Comparison of the cytoplasmic and nuclear fractions of HeLa cells prepared by lysis with NP-40 and/or using Dounce homogeniser and/or centrifugation through a sucrose solution. NP 0.3′, lysis with 0.3% NP-40 after Dounce homogenization; NP 0.3″, simultaneous application of Dounce homogeniser and 0.3% NP-40; NP 0.3, two-step lysis with 0.1% and 0.3% NP-40; suc, sucrose purification. (**b**) WB analysis of the obtained by lysis with a non-ionic detergent cytoplasmic and nuclear fractions. NP, lysis with NP-40, first, at 0.1% and, then, using the indicated percentage for the additional purification of the nuclei; dig, two-step lysis with 0.1% digitonin. (**a**,**b**) Cyt, cytoplasmic extract; nuc, isolated nuclei. Lamin B and PARP1 (nuclear proteins), GAPDH (a cytoplasmic protein), Na^+^/K^+^ ATPase (a plasma membrane protein), ERp29 (an ER protein) and cyt *c* (a mitochondrial protein) served as fractionation markers. (**c**) Cells and isolated nuclei stained with Hoechst33342 and imaged by dual DIC and fluorescence microscopy. (**d**) Cells and isolated nuclei stained with Hoechst33342 and ER-tracker Green (BODIPY FL Glibenclamide) and imaged by fluorescence microscopy. (**c**,**d**) Scale bars, 10 μm.

Consequently, the fractionation method based on cell lysis with NP-40 was chosen for further preparation of the cytoplasmic and nuclear fractions. Lysis was performed in two steps. First, NP-40 at 0.1% concentration in hypotonic conditions (for increasing the efficiency of plasma membrane collapse) was used for the separation of the cytoplasmic components. Then, the nuclei were purified with 0.3% NP-40 in isotonic conditions (corresponds to Fig. [1b](#Fig1){ref-type="fig"}, NP 0.3). This nuclei purification step was introduced as some components, namely ER components, are tightly connected to the outer nuclear membrane and are particularly difficult to detach^[@CR37]^. Moreover, in accordance with fluorescence microscopy analysis (data not shown) using 0.3% NP-40 allowed to isolate more pure nuclei in comparison with 0.1% NP-40. The higher concentration of NP-40 (0.5%) did not improve the separation of pure cytoplasmic and nuclear components (Fig. [1b](#Fig1){ref-type="fig"}, NP 0.3 vs NP 0.5). The major steps of the protocol are depicted in the Fig. [S1](#MOESM1){ref-type="media"}.

The time course of cisplatin-induced apoptotic events {#Sec4}
-----------------------------------------------------

To analyze the redistribution of caspases between the cytoplasm and the nucleus during apoptosis, HeLa and Caov-4 cells were treated with cisplatin, a genotoxic drug commonly used against various types of cancer, including cervical and ovarian cancers^[@CR38]^. Regardless of the nature of the apoptotic stimulus, apoptosis is morphologically characterised by the condensation (hypercondensation of chromatin, or pyknosis) and fragmentation of the nuclei (karyorrhexis)^[@CR5]^. To distinguish between the stages of the changes in the nuclear morphology, we defined the time course of these alterations in HeLa and Caov-4 cells in response to treatment with 35 μM cisplatin.

Staining with DAPI showed a time-dependent increase in the percentage of cells with condensed nuclei, which was monitored by brighter and more compact nuclei than the ones from viable cells (Fig. [2](#Fig2){ref-type="fig"}). Whereas after 16 hr of cisplatin treatment nuclear condensation was observed in 18.9 ± 1.2% and 30.4 ± 0.8% of HeLa and Caov-4 cells, respectively, significant numbers of fragmented nuclei (more than 6.0%) were detected only following 24 and 32 hr after cisplatin treatment of HeLa and Caov-4 cells, respectively (Fig. [2a](#Fig2){ref-type="fig"}).Figure 2Cisplatin (35 μM)-induced changes in the morphology of HeLa and Caov-4 cells. (**a**) Percentages of cells with condensed and fragmented nuclei detected by DAPI staining. Results are shown as mean ± s.e.m. of three independent experiments. At least 200 stained cells were counted in each experiment. (**b**) Representative images obtained using confocal microscopy. The white arrows and asterisks mark examples of condensed and fragmented nuclei, respectively. Scale bars, 50 and 10 μm.

Caspase-2, -3, -8, and -9 accumulate in the nucleus during apoptosis {#Sec5}
--------------------------------------------------------------------

The time course of caspase redistribution during cisplatin-induced apoptosis was assessed by WB of their pro- and cleaved forms in the cytoplasmic and nuclear fractions of HeLa and Caov-4 cells. In unstimulated cells, initiator caspase-2, -8, -9 and effector caspase-3 were detected in the cytoplasm (Fig. [3a](#Fig3){ref-type="fig"}). After 16 hr treatment with cisplatin, the accumulation of effector caspase-3 and initiator caspase-2 in the nuclear fractions of both cell lines was observed (Fig. [3a](#Fig3){ref-type="fig"}). Notably, both caspase-3 and -2 were detected in the nuclear fractions predominantly in their cleaved forms indicating that they might be present in the nuclei of apoptotic cells in the catalytically active state. Furthermore, the cleavage of PARP1 to its 89-kDa fragment in the nucleus has been observed, further supporting the presence of active caspase-3 in this cell compartment.Figure 3Functionally active initiator caspase-2, -8, -9 and executioner caspase-3 accumulate in the nucleus in response to the treatment of HeLa and Caov-4 cells with cisplatin (35 μM). (**a**) WB analysis of caspase cellular localization upon cisplatin treatment. Representative images of three independent experiments are shown. (**b**,**c**) Caspase activity measurement in the nuclear (**b**) and cellular (**c**) lysates at the indicated time points. Caspase activity was measured by the release of the fluorogenic group AMC from VDVAD-AMC, (fold increase in caspase-2 activity), DEVD-AMC, (fold increase in caspase-3-like activity) and by the release of AFC from IETD-AFC, (fold increase in caspase-8 activity). Results represent the means ± s.e.m. of at least three independent experiments.

The measurement of initiator caspase-2 and effector caspase-3 activities with its fluorogenic peptide substrates in the nuclei isolated using the developed fractionation protocol also indicated catalytic activity of these caspases. In particular, an increase of caspase-3 and -2 activities in the nuclear fractions after 16 hr of incubation with cisplatin was detected (Fig. [3b](#Fig3){ref-type="fig"}), that is consistent with the results obtained by WB analysis (Fig. [3a](#Fig3){ref-type="fig"}, nuc). The timings of caspase activation in the nucleus (Fig. [3a](#Fig3){ref-type="fig"}, nuc, Fig. [3b](#Fig3){ref-type="fig"}) were similar to those in the cytoplasm (Fig. [3a](#Fig3){ref-type="fig"}, cyt) and in total cellular lysates (Fig. [3c](#Fig3){ref-type="fig"}).

Interestingly, initiator caspase-8 and -9 were also detected in the nuclear fractions of HeLa and Caov-4 cells after 16 hr treatment with cisplatin (Fig. [3a](#Fig3){ref-type="fig"}). The measurement of caspase-8 activity using its fluorogenic peptide substrate also demonstrated an increase in its catalytic activity in the nuclear and cellular lysates following 16 hr incubation with cisplatin (Fig. [3b and c](#Fig3){ref-type="fig"}). Thus, effector caspase-3 and all three initiator caspases analyzed showed similar timing of appearance in the nucleus in the course of cisplatin-induced apoptosis.

In addition to the nuclear accumulation of caspases, after 16 hr incubation with cisplatin, we observed the nuclear translocation of several other proapoptotic proteins, namely AIF (Apoptosis-inducing factor), Endonuclease G as well as GAPDH and hexokinase II (Fig. [3a](#Fig3){ref-type="fig"}, nuc), and the cytoplasmic entry of the 89-kDa fragment of PARP1 (Fig. [3a](#Fig3){ref-type="fig"}, cyt). These translocation events have already been reported in response to a range of apoptotic, as wells as other, stress stimuli^[@CR27],[@CR39]--[@CR50]^.

At the same time, vinculin, Na^+^/K^+^ ATPase, ERp29, and cyt *c* could not be detected in the nuclear fractions of cisplatin-treated cells (Fig. [3a](#Fig3){ref-type="fig"}, nuc). Moreover, no significant decrease in the full-length lamin В levels was observed up to 24 hr of cisplatin treatment (Figs [3a](#Fig3){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}), also indicating that caspases are detected in the nucleus before massive degradation of the nuclear lamina. These data are consistent with the results of DAPI staining and microscopy analysis, which demonstrated only minor levels of nuclear fragmentation at this time point (Fig. [2](#Fig2){ref-type="fig"}).

In order to validate the fractionation results by an independent approach we performed immunofluorescence microscopy analysis. As shown in the Fig. [4a](#Fig4){ref-type="fig"}, the nuclear accumulation of caspase-2, -3, -8 and -9 was observed in 20.8 ± 2.7%, 22.2 ± 1.9%, 20.9 ± 2.1% and 22.1 ± 1.6% of treated with cisplatin for 24 hr HeLa cells, respectively (the representative images are shown in the Fig. [S4](#MOESM1){ref-type="media"}). The similar redistribution patterns were seen for Caov-4 cells −20.0 ± 2.4%, 23.0 ± 0.5%, 19.1 ± 0.8% and 14.2 ± 1.3% for caspase-2, -3, -8 and -9, respectively (Fig. [4](#Fig4){ref-type="fig"}). The data are in accordance with the results of the subcellular fractionation, and further confirm that the initiator caspase-2, -8, -9 and effector caspase-3 are present in the nuclei of cisplatin-treated HeLa and Caov-4 cells.Figure 4Confocal microscopy analysis of the cellular redistribution of caspase-2, -3, -8 and -9 in response to treatment with cisplatin (35 μM, 24 hr). (**a**) Statistical analysis of nuclear translocation of caspases. Results represent the means ± s.e.m. of three independent experiments. At least 200 cells were counted in each experiment. \*p \< 0.005. (**b**) Representative images of Caov-4 cells stained with primary anti-caspase-2, -3, -8 or -9 and secondary Alexa Fluor 488 (depicted in green) antibodies. Nuclei were stained with DAPI (shown in blue). Scale bars, 50 and 10 μm.

In addition to the assessement of cisplatin-induced changes in the cellular distribution of caspases, we decided to test the effects of two different apoptosis inducers with extranuclear attack points: combined proinflammatory cytokine tumor necrosis factor α (TNFα, 10 ng/ml) and a protein synthesis inhibitor cycloheximide (CHX, 5 μg/ml) treatment, and a broad-specificity protein kinase inhibitor staurosporine (0.1 μM). Both apoptotic stimuli induced the nuclear translocation of initiator caspase-2, -8, -9 and executioner caspase-3 after 4 hr of treatment (Fig. [S5a](#MOESM1){ref-type="media"}, nuc and [S5b](#MOESM1){ref-type="media"}, nuc, respectively). As TNFα and staurosporine do not induce direct DNA damage^[@CR51]^, these results imply that the nuclear translocation of initiator caspases might take place not only during the DNA damage-induced apoptosis, but in response to apoptotic stimuli of diverse mechanisms of action.

Collectively, our findings demonstrate that in the course of apoptotic cell death induced by cisplatin, TNFα/CHX and staurosporine, the initiator caspase-2, -8, -9 and effector caspase-3 translocate to the nucleus, and their translocation precedes the fragmentation of this intracellular compartment.

The nuclear translocation of initiator caspase-2, -8 and -9 during apoptosis is not dependent on caspase-3 {#Sec6}
----------------------------------------------------------------------------------------------------------

The majority of proteins which are cleaved in the final stages of apoptosis have been reported to be the substrates of caspase-3^[@CR11]^. At the same time, several works suggested that the nuclear translocation of active caspase-3 might be necessary for the execution of apoptosis, whereas defects in its nuclear entry could underlie potential mechanisms of apoptosis resistance^[@CR52]--[@CR54]^. To address whether the appearance of caspases-8, -9 and -2 in the nucleus is also dependent on caspase-3, we analyzed the distribution of initiator caspase-2, -8 and -9 in caspase-3-deficient MCF-7 cells^[@CR55]^ treated with cisplatin.

The fractionation of MCF-7 cells followed by WB analysis showed that initiator caspase-2, -8 and -9 were detected in the nuclear fraction after 16 hr of cisplatin treatment (Fig. [5a](#Fig5){ref-type="fig"}, nuc). Therefore, in caspase-3-deficient MCF-7 cells, the initiator caspases followed the same redistribution pattern in response to cisplatin treatment as in HeLa and Caov-4 cells (Fig. [3a](#Fig3){ref-type="fig"}, nuc). Interestingly, no significant differences were observed in the nuclear accumulation of caspase-2, -8 and -9 in the course of cisplatin-induced apoptosis. The purity of the obtained fractions was validated by WB (Fig. [5a](#Fig5){ref-type="fig"}) and microscopy analysis (Fig. [S6a and b](#MOESM1){ref-type="media"}).Figure 5Caspase-3 deficiency in MCF-7 cells does not prevent the translocation of initiator caspases to the nucleus induced by cisplatin (35 μM). (**a**) WB analysis of caspase cellular localization. Representative images of 3 independent experiments are shown. (**b**) Confocal microscopy analysis of the cellular redistribution of initiator caspase-2, -8 and -9 in response to treatment with cisplatin (35 μM, 24 hr). Results represent the means ± s.e.m. of three independent experiments. At least 200 cells were counted in each experiment. \*p \< 0.005.

The application of immunofluorescence microscopy confirmed these results, clearly showing the accumulation of caspase-2, -8 and -9 in the morphologically integral nuclei of cisplatin-treated cells despite the absence of caspase-3 (Figs [5b](#Fig5){ref-type="fig"} and [S6c](#MOESM1){ref-type="media"}). The numbers of MCF-7 cells showing the nuclear accumulation of caspase-2, -8 and -9 (Fig. [5b](#Fig5){ref-type="fig"}) were similar to those observed in HeLa and Caov-4 cells (Fig. [4a](#Fig4){ref-type="fig"}). Moreover, caspase-3 deficiency did not affect cisplatin-induced nuclear entry of other proapoptotic proteins analyzed in this study, namely AIF, EndoG, GAPDH and hexokinase II. Thus, the timing of their accumulation in the nuclei of MCF-7 cells (Fig. [5a](#Fig5){ref-type="fig"}, nuc) was similar to those observed for HeLa and Caov-4 cells (Fig. [3a](#Fig3){ref-type="fig"}, nuc).

In summary, effector caspase-3 and initiator caspase-2, -8 and -9 accumulate into the nucleus during apoptosis with similar accumulation timings. The translocation of initiator caspases is still observed in caspase-3-deficient cells treated with cisplatin, and therefore, does not depend on caspase-3 activity.

Discussion {#Sec7}
==========

The degradation of the nucleus is an extremely important step in apoptotic process^[@CR2],[@CR5]^. Taking into account the key role of caspases in the nuclear demolition, their translocation to the nucleus plays a critical role in the breakdown of this cell compartment and the progression of apoptosis. However, the patterns of caspase redistribution in response to different apoptotic stimuli and molecular mechanisms of these events remain contradictory.

To analyse the changes in caspase localization during apoptosis we set up the fractionation protocol allowing rapid and efficient separation of the cytoplasmic and nuclear components of HeLa, Caov-4, MCF-7, and probably other mammalian cells. Using the developed approach, the nuclear translocation of not only initiator caspase-2 with a NLS, but also of caspase-8 and -9, was demonstrated alongside with the effector caspase-3 in response to the treatment with cisplatin (as well as TNFα/CHX and staurosporine by the fractionation of HeLa cells). Previously, among the initiator caspases, nuclear localization has been reported to play an important role only for caspase-2^[@CR26],[@CR27]^. However, we did not observe any distinct patterns of localization for this caspase in our experiments. Using independent approaches, we have shown that, during apoptosis, caspase-2 enters the nucleus simultaneously with other initiator caspases and caspase-3.

The fact that the patterns of caspase redistribution were similar in all the three cell lines suggests the widespread nature of the observed phenomenon, even though frequently reported cell type-dependent variabilities cannot be excluded and not all of the initiator caspases might translocate into the nucleus in certain cell lines. For instance, caspase-2, -3 and -8, but not -9, were previously detected in the nuclear fraction of Jurkat cells following etoposide and anti-CD95/Fas/Apo-1 antibody treatment^[@CR56]^, although the study assessed only one time point and used a different antibody against caspase-9. In addition, it was reported that procaspase-8 can be present in the nucleus without apoptotic stimuli and might have non-apoptotic functions, in particular, in DNA repair^[@CR57]^. Uncovering the crosstalk between apoptotic and non-apoptotic functions of caspases in the nucleus is the question for the future studies. Likewise, the possibility of cell type-dependent variations in caspase nuclear translocation and their role is highly conceivable, and needs to be addressed in the future work.

Of note, all the four caspases were present in the nuclei of apoptotic cells predominantly in their catalytically active state. Possibly, this is because procaspases are less mobile than their cleaved forms. Indeed, the cleavage of procaspases results in the loss of the prodomain and the linker, and leads to the rearrangement of their tertiary structure^[@CR58],[@CR59]^. Other factors, such as the changes in the patterns of caspase post-translational modifications that are observed during apoptosis^[@CR60]^, could also contribute to the increase in the mobility of cleaved caspases by altering its charge and conformation.

Generally, caspase-3 is considered as the main effector protease that cleaves a large number of substrates, dismantling the nucleus and other cellular compartments in the course of apoptosis^[@CR11],[@CR61]^. However, here we observed similar timings and rates of the nuclear accumulation for both initiator and effector caspases. While the obtained dataset does not contradict the concept that caspase-3 is the major apoptotic protease, it suggests that the role of initiator caspases in the degradation of the nucleus during apoptosis could be underestimated. Thus, it is possible that initiator caspases can cleave a certain range of nuclear proteins, some of which might not even be targeted by effector caspases. In concordance, each of caspase-2, -3, and -7 has been shown to cleave a particular set of substrates at different rates that vary by over 500-fold^[@CR12],[@CR62]^. Furthermore, after their translocation into the nucleus, initiator caspases might promote nuclear proteolysis via the activation of effector caspases directly in this cellular compartment. Initiator caspases might also have functions which are independent of their proteolytic activity, for example, a cleaved product of caspase-8 was shown to translocate to the nucleus and cause the upregulation of genes encoding proapoptotic factors^[@CR63]^.

Interestingly, cisplatin-induced nuclear entry of initiator caspases did not depend on effector caspase-3, since initiator caspase redistribution patterns remained the same in caspase-3-deficient MCF-7 cells. Although caspase-7 can partially compensate the absence of caspase-3 in some cell types, it is generally accepted that all effector caspases have distinct, non-redundant functions, and the execution of apoptosis in MCF-7 cells is not an exception^[@CR11],[@CR64]^. Due to the crucial role of caspase-3 in apoptotic cell death^[@CR11]^, the nuclear translocation of initiator caspases seems to be independent not only of the function of caspase-3, but also of other effector caspases. In cells with caspase-3 deficiency or downregulation, the nuclear translocation and function of initiator caspases might be particularly important for the successful execution of apoptosis.

In response to cisplatin, TNFα/CHX and staurosporine, in addition to caspase entry into the nucleus, we detected the cytoplasmic translocation of the apoptotic 89-kDa fragment of PARP1, which is plausible since caspase-mediated cleavage of PARP1 removes its DNA binding domain and disrupts its NLS. Previously, this translocation event has already been described in response to different apoptotic stimuli, including TNFα and DNA-damaging agent etoposide^[@CR45]--[@CR50]^. Moreover, we observed the nuclear accumulation of GAPDH and hexokinase II during cisplatin-induced apoptosis. The nuclear entry of GAPDH has also been demonstrated in response to DNA damage^[@CR27]^, oxidative stress^[@CR39],[@CR42]^ and treatment with TNFα^[@CR65]^. Although hexokinase II nuclear entry has not yet been demonstrated in mammalian cells, it was reported in yeasts^[@CR40],[@CR41]^. At the same time, cisplatin treatment led to significant accumulation of AIF and Endonuclease G in the nucleus. The movement of these proteins to the nucleus has already been demonstrated in response to a range of apoptotic stimuli and promotes chromatin condensation and DNA fragmentation via caspase-independent apoptotic pathway^[@CR43]^.

Given that the nuclear membrane permeability is known to increase in the course of apoptotic cell death^[@CR3],[@CR6]^, caspases and other proapoptotic proteins might enter the nucleus to induce its apoptotic demolition independently of specific transport systems. On the other hand, whereas the nuclear translocation of caspases was detected already after 16 hr of incubation with cisplatin, only minor (6.6%) or no fragmentation of the nuclei was seen by DAPI staining of HeLa and Caov-4 cells, respectively. At the same time, no decrease in the levels of lamin B or full-length forms of caspases was detected. Confocal microscopy analysis also demonstrated nuclear accumulation of caspases in cells with morphologically integral nuclei.

In summary, our results suggest that, during apoptosis, initiator caspase-2, -8, -9 translocate to the nucleus in parallel with effector caspase-3, and then could participate in the nuclear degradation. Thus, further identification of the nuclear substrates of initiator caspases can shed light on the mechanisms of the demolition of the nucleus during apoptotic cell death. Given that the alterations in the nucleocytoplasmic transport system are not limited to the initiation of apoptosis, but are observed in response to various pathological and physiological stresses^[@CR3],[@CR6],[@CR66]^, the nuclear entry of caspases might also occur not only during apoptotic cell death and could have far greater significance in cell metabolism. Therefore, further studies are needed to improve our understanding of initiator caspase nuclear translocation and functions.

Materials and Methods {#Sec8}
=====================

Cell culture and treatment {#Sec9}
--------------------------

Human cervical carcinoma HeLa cells, human ovarian carcinoma Caov-4 cells, human breast carcinoma MCF-7 cells were cultured in DMEM (Gibco) supplemented with 10% heat-inactivated FBS (Gibco) and 1% sodium pyruvate (PanEco) in the presence of 100 μg/ml penicillin and 100 μg/ml streptomycin mixture (Gibco) in a humidified 5% CO atmosphere at 37°C. To induce apoptosis, cells were treated with 35 µM of cisplatin (Teva), 10 ng/ml TNFα/5 µg/ml CHX (Sigma), or 0.1 µM staurosporine (Sigma) for the indicated time periods.

Western blotting {#Sec10}
----------------

Protein measurements were carried out using the Pierce BCA Protein Assay Kit (Thermo Scientific) in accordance with the manufacturer's instructions. Samples were mixed with Laemmli's loading buffer, boiled for 5 min, and subjected to SDS-PAGE (12%) followed by blotting onto nitrocellulose membranes for 30 min at 25 V using the Mini Trans-Blot Cell (Bio-Rad). Membranes were blocked for 1 hr with 5% non-fat milk in TBS at room temperature and subsequently probed overnight at 4°C with the primary antibody (1:1000). The following primary antibodies were used: rabbit anti-vinculin, rabbit anti-hexokinase-II, rabbit anti-Na^+^/K^+^-ATPase, rabbit anti-cleaved caspase-3 (all from Cell Signaling), mouse anti-caspase-2, mouse anti-caspase-3, mouse anti-PARP1, mouse anti-cytochrome *c* (all from BD Transduction Lab), mouse anti-lamin B, rabbit anti-Endonuclease G, mouse anti-AIF (all from Santa Cruz Biotech), mouse anti-caspase-8 (Enzo Life Science), rabbit anti-GAPDH (Trevigen), and rabbit anti-ERp29 (kindly provided by Dr. S. Mkrtchian, Karolinska Institutet). After four times washes in TBST (0.05% Tween-20 in TBS), membranes were incubated with appropriate horseradish peroxidase-conjugated secondary antibodies purchased from Cell Signaling (1:4000) for 1 hr at room temperature. Blots were developed using ECL (Amersham Biosciences) and documented using Chemi-Doc (Bio-Rad).

Subcellular fractionation {#Sec11}
-------------------------

All preparations were performed on ice. Cells were washed with PBS, harvested and resuspended in hypotonic buffer (20 mM Tris-HCl, pH 7.4, 10 mM KCl, 2 mM MgCl~2~, 1 mM EGTA, 0.5 mM DTT, 0.5 mM PMSF and Roche complete protease inhibitors; 300 μl were added per 100-mm tissue culture dish), incubated for 5 min followed by the addition of NP-40 (Nonidet P-40) to a final concentration of 0.1%. Following 3 min of incubation, the cytoplasm and nuclei were separated by centrifuging at 800 g for 8 min. Subsequently, to ensure the removal of nuclear remnants, the cytoplasmic fractions were centrifuged at 1500 g for 5 min, and the supernatants were collected as the final cytoplasmic fractions. The nuclei were purified by 10 min incubation in isotonic lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM KCl, 2 mM MgCl~2~, 1 mM EGTA, 0.3% NP-40, 0.5 mM DTT, 0.5 mM PMSF and Roche complete protease inhibitors; 500 μl were added per 100-mm tissue culture dish) and centrifuged at 700 g for 7 min. The quality of the obtained nuclei was assessed by DIC (differential interference contrast)/fluorescence microscopy using DMI6000B fluorescent microscope (Leica) following DNA staining with Hoechst33342 (1 mg/ml in PBS) (Molecular Probes) and ER (endoplasmic reticulum) staining with 1 μM ER-tracker Green (BODIPY FL Glibenclamide, Molecular Probes). For DNA digestion, the isolated nuclei were resuspended in DNAse buffer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 4 mM MgCl~2~, 1 mM CaCl~2~, 1% NP-40, 0.5 mM DTT, 0.5 mM PMSF and Roche complete protease inhibitors) and incubated with DNAse I (Thermo Scientific) or benzonase (Sigma) for 40 min on ice.

For the determination of optimal fractionation conditions, several approaches for nuclear isolation were tested. Dounce homogenization was performed in the described above hypotonic buffer with a glass Dounce tissue grinder using 30 to 50 strokes. Subsequently, the cytoplasmic and nuclear components were separated by centrifuging at 800 g for 8 min. In case of using digitonin for cell membrane lysis, the hypotonic and isotonic solutions described above but supplemented with freshly added 0.1% digitonin were used. Sucrose purification was carried out according to the Lamond protocol (<http://www.lamondlab.com/f7nucleolarprotocol.htm>). Briefly, after cell membrane lysis using Dounce homogenization or NP-40 nuclear pellet was resuspended in solution S1 (0.25 M sucrose, 10 mM MgCl~2~), layered over solution S2 (0.88 M sucrose, 0.5 mM MgCl~2~) and centrifuged at 3000 g for 15 min.

DAPI staining {#Sec12}
-------------

Cells were grown on 13-mm round glass coverslips (Thermo Scientific). After treatment, cells were rinsed three times with PBS and fixed for 10 min in 4% paraformaldehyde. After three washes with PBS, coverslips were mounted with ProLong™ Diamond Antifade Mountant with DAPI for nuclear counterstaining (Invitrogen). The samples were examined under LSM 780 confocal laser scanner microscope (Zeiss). At least 200 cells were counted per sample to determine the percentages of cells with condensed and fragmented nuclei.

Measurement of caspase activity {#Sec13}
-------------------------------

Caspase-2, -3 and -8 activities were assessed by detecting the cleavage of fluorogenic peptide substrates VDVAD-AMC, DEVD-AMC and IETD-AFC (PeptaNova), respectively. Harvested cells or nuclei isolated using the protocol described in 2.3. Subcellular fractions were resuspended with PBS supplemented with 0.5 mM PMSF and Roche complete protease inhibitors (100 μl PBS per 1 × 10^6^ cells or nuclei isolated from 2 × 10^6^ cells). 25 μl of the suspension were placed into a 96-well plate and mixed with the appropriate peptide substrate (100 μM) dissolved in 50 μl of caspase-3, -8 (100 mM HEPES, pH 7.2, 10% sucrose, 5 mM DTT, 0.001% NP-40, 0.1% CHAPS) or caspase-2 reaction buffer (100 mM MES, pH 6.5, 10% polyethylene glycol, 5 mM DTT, 0.001% NP-40, 0.1% CHAPS). Cleavage of fluorogenic peptides was monitored at 37°C using VarioScan Flash multimode detector (Thermo Scientific) by AMC or AFC liberation at 380 nm excitation and 460 nm emission, or 400 nm excitation and 505 nm emission wavelengths, respectively. The fluorescence values were normalized to protein concentrations measured using the Pierce BCA Protein Assay Kit (Thermo Scientific).

Immunofluorescence {#Sec14}
------------------

Cells were grown on 13-mm round glass coverslips (Thermo Scientific). After treatment, cells were rinsed three times with PBS, fixed for 10 min in 4% paraformaldehyde, washed three times with PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 min. After three washing steps in PBS, blocking of nonspecific binding sites was performed by incubation of cells in 4% BSA in PBST (0.05% Triton X-100 in PBS) at 4 °С for 1 hr. Incubation with primary rabbit anti-caspase-2 (Santa Cruz Biotech, 1:150), rabbit anti-caspase-3 (Cell Signaling, 1:150), rabbit anti-caspase-8 (Thermo Scientific, 1:150) or mouse anti-caspase-9 antibodies (Thermo Scientific, 1:300) was performed overnight in 4% BSA in PBST. Then, cells were washed three times with PBST and incubated for 2 hr at 4°С with appropriate Alexa Fluor 488 secondary antibodies (Molecular Probes, 1:300) in 4% BSA in PBST. Then, after three washing steps in PBST, coverslips were mounted with ProLong™ Diamond Antifade Mountant with DAPI for nuclear counterstaining (Invitrogen). The samples were examined under LSM 780 confocal laser scanner microscope (Zeiss). ZEN software (Zeiss) was used to merge the images.

Statistical analysis {#Sec15}
--------------------

Data are presented as means ± s.e.m. of at least 3 independent experiments. Statistical analysis was performed using Student's t-tests at a significance level of \*p \< 0.005.
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